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ABSTRACT
Background: Increasing evidence shows that pediatric AD differs from adult AD on a biological level.

Broad biomarker profiling across a wide range of ages of pediatric AD patients is lacking.

Objective: To identify serum biomarker profiles in AD children aged 0—17 years and compare these with

previously found profiles in adult AD.

Methods: Luminex multiplex immunoassays were used to measure 145 biomarkers in serum from 240 AD
children (aged 0-17 years). Principal components analysis followed by unsupervised k-means clustering
were performed to identify patient clusters. Patients were stratified into age groups (0-4 years, 5-11 years,

and 12-17 years) to assess association between age and cluster membership.

Results: Children aged 0-4 years had highest levels of Thl-skewing markers, and lowest levels of Th17-
related markers. Th2-related markers did not significantly differ between age groups. Similarly to adults,
cluster analysis identified four distinct pediatric patient clusters (“Th2/retinol dominant”, “skin-homing
dominant”, “Th1/Th2/Th17/IL-1 dominant”, and “Thl/IL-1/eosinophil inferior” cluster). Only the
“Thl/Th2/Th17/IL-1 dominant” cluster resembled one of the previously identified adult clusters. Although
no association with age or age of onset seemed to be found, disease severity was significantly associated

with the "skin-homing dominant" cluster.

Conclusion: Four distinct patient clusters based on serum biomarker profiles could be identified in a large
pediatric AD cohort, of which one was similar to previously identified adult clusters. The identification of
endotypes driven by distinct underlying immunopathological pathways might be useful to define pediatric

AD patients at risk of persistent disease and may necessitate different targeted treatment approaches.
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Key messages

In a large cohort of AD patients aged 0 — 17 years, we identified four patient clusters based on

distinct serum biomarker profiles.

o Pediatric AD clusters were influenced by disease severity, and not by age or age of onset. Only
one pediatric AD cluster was comparable to one of the previously identified adult AD clusters.

o Stratification of pediatric AD patients into distinct biomarker-based endotypes might help to

predict persistent disease, and may contribute to more personalized treatment approaches.

Capsule summary
By identifying four pediatric AD patient clusters based on distinct serum biomarker profiles, and
comparing them with adult clusters, our study provides insight in the immuno-pathological

characterization of pediatric AD, which might contribute to more personalized medicine in future.

Key words: Atopic dermatitis; pediatric; biomarkers; endotypes; personalized medicine; principal

components analysis; cluster analysis.

ABBREVIATIONS
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AD
ANOVA
CCL
CTACK
CXCL
EASI
FDR
TACI
TARC
Th

TNF
TWEAK
IFN

MCP-1
MDC
MMP
MIF
PARC
PCA
RBP4
SD
SICAM
WSS

Atopic dermatitis

ANalysis Of Variance

C-C Motif chemokine ligand
Cutaneous T cell- attracting chemokine
C-X-C motif chemokine ligand
Eczema Area Severity Index

False Discovery Rate

Transmembrane activator calcium modulator and cyclophilin ligand interactor

Thymus and activation regulated chemokine
T-helper

Tumor Necrosis Factor

tumor necrosis factor-like weak inducer of apoptosis
Interferon

Interleukin

Monocyte Chemoattractant Protein-1
Macrophage-derived chemokine

Matrix metalloproteinase

Migration Inhibitory Factor

Pulmonary and activation-regulated chemokine
Principal Components Analysis

Retinol binding protein 4

Standard Deviation

soluble Intercellular Adhesion Molecule

Within-cluster sum of square

INTRODUCTION

Atopic dermatitis (AD) is the most common chronic inflammatory skin disease, affecting up to 20% of
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children and up to 10% of adults.>® AD can present at all ages, but mostly begins in early childhood.
Although the general consensus is that most pediatric AD patients will eventually ‘outgrow’ the disease,
recent studies suggest that persistence into adulthood is more common than previously recognized.* The
clinical presentation and distribution of AD in childhood and adults is clearly different>’, and atopic
comorbidities, including food allergy, asthma, and allergic rhinitis, develop over the course of infancy and
childhood, described as the ‘atopic march’.®° Besides the well-known differences in clinical
presentation, increasing insights into blood and skin profiles show substantial differences between
pediatric and adult AD.'**3 Although both populations show significant Th2 activation in skin and blood,
early-onset pediatric AD also shows Th17/Th22 skewing, but lacks the Th1 upregulation that is seen in

adults.10.12.13

In the past decade it has become increasingly clear that adult AD is not only heterogeneous based on
clinical characteristics, but that different pathophysiological mechanisms can be defined in different
subgroups of patients. In recent studies, we identified four clearly differentiated adult AD patient clusters,
each characterized by a unique serum biomarker profile.!* * These clusters might represent endotypes in
which the disease is driven by a distinct underlying mechanism. However, heterogeneity on a biological
level has not yet been confirmed in pediatric AD. While most pediatric biomarker data are based on
studies in infants and young children with recent-onset AD, broad blood profiling in all age ranges of

pediatric AD patients is limited.20®

The increasing understanding of molecular pathways involved in chronic AD has accelerated the
development of more targeted systemic therapies for adult and adolescent AD patients, and will
eventually move to children.® The specific biomarker pathways distinguishing different patient clusters
may be particularly meaningful for the application of molecularly targeted drugs, and defining the most
optimal treatment for the individual patient, since different endotypes might respond differently to the
particular treatments. In adult AD, few single biomarkers have previously been proposed for the

prediction of response to targeted therapies.!’'° However, no data have yet been published for pediatric
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AD. Besides predicting treatment response, biomarker profiling could also be used for different purposes
in children, including early diagnosing of AD, the identification of patients with high risk of persistent
disease, and prediction of side effects for a given drug.?° This necessitates even more the identification of
pediatric AD endotypes to optimize safe and effective personalized treatment approaches. Early treatment
and AD control in pediatric patients may impact the natural history of the disease.

In the present study, we investigated biomarker profiles in children with AD aged between 0 and 17 years
and compared these profiles with the previously found adult AD endotypes. We expect that by defining
biomarker profiles in pediatric AD, we will eventually be able to predict the course of the disease and

optimize personalized medicine approaches.

METHODS

Study design and data collection

Patients and samples

Serum samples from 240 children aged 0 — 17 years, diagnosed with AD as defined by the criteria of
Hanifin and Raijka?, were retrospectively selected. Sera were collected at the Wilhelmina Children’s
Hospital (University Medical Center Utrecht) between 2014 — 2017 and stored at -80 degrees Celsius in a
biobank until analysis. Exclusion criteria for this study were use of systemic immunosuppressive drugs
within four weeks before blood sampling. Disease severity was assessed by the Eczema Area and Severity
Index (EASI) score. Clinical characteristics were retrospectively extracted from the patients’ electronic
medical records. Before study inclusion, parents signed institutional review board-approved written
consent, according to the Declaration of Helsinki principles. Protocols of this study were approved by the

Institutional Review Board of the University Medical Center Utrecht (Utrecht, The Netherlands).

Serum biomarkers
To characterize disease heterogeneity and to identify specific pediatric AD patient clusters, we quantified

145 analytes by a multiplex immunoassay based on Luminex technology?? as previously described®®,
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using an in-house validated panel of analytes listed in supplementary Table E1. The panel was selected
based on our previous studies in adult AD with the addition of two markers newly available.** **> Serum
samples that were above or below the assay limits of detection were given values equivalent to the lower

limit of quantification divided by two or the upper limit of quantification multiplied by two.

Statistical analyses

Serum biomarker data was cleansed of patients with any missing data (1 patient was removed) and
subjected to Box-Cox transformation before analyses. To identify differences in serum biomarker levels
within different age groups, patients were stratified into three groups: 0 — 4 years, 5 — 11 years, and 12 —

17 years.

The normalized biomarker data were analyzed using a principal components analysis (PCA) to reduce the
dimensionality of the data and find the optimal number of principal components explaining the majority of
variance in the data, followed by k-means cluster analysis to define and visualize clusters in those principal
components, as previously described.** 1> The optimal number of clusters was determined by using the
elbow method, which looks at the total within-cluster sum of square (WSS) as a function of the number of
clusters.?® The optimal number of clusters was selected to be such that adding another cluster does not
significantly reduce the total WSS. To investigate the differences between the age groups, we looked a
posterori if the defined clusters were associated with the age groups. Additionally, we compared the
biomarker profiles found in our pediatric AD cohort with the previously described biomarker profiles in

adults AD patients.** 1°

Clinical characteristics and serum biomarker levels between the age groups and patient clusters were
compared using chi-square tests for categorical variables or one-way ANOVA for continuous variables,
followed by pairwise t-tests or chi-square tests when appropriate. Benjamini-Hochberg correction was

used for all multiple comparisons, controlling False Discovery Rate (FDR). FDR adjusted P-values <0.05
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were considered statistically significant. The association of serum biomarkers with disease severity was
evaluated using Pearson correlation coefficients. All statistical analyses were performed using R Project

software (version 3.4.1)%.

RESULTS

Patient characteristics and age groups

A total of 240 pediatric AD patients (mean age 8.2 years, SD= 5.5) were included. AD disease severity at
the moment of sampling ranged from clear to severe, with a mean EASI score of 14.6 (SD=10.7). Clinical
characteristics are summarized in Table 1. Disease severity was not significantly different between children
aged 0 — 4 years old (n=77, mean EASI 13.3, SD=10.1), 5 — 11 years (n=84, mean EASI 14.3, SD=11.3),
and 12 — 17 years (n=79, mean EASI 16.2, SD=10.5)(Table 2). The presence of other atopic comorbidities,
including asthma (p=0.001), allergic rhinitis (p<0.001) and food allergy (p=0.050) was significantly higher
in the oldest age group (chi-square test). The youngest age group (0 — 4 years) included significantly more
males compared to the 5 — 11 years and 12 — 17 years groups (55.8%, compared to 31.0%, and 39.2%,

respectively, p=0.005, chi-square test).

Serum biomarker levels were first compared between the three age groups using a one-way ANOVA,
followed by pairwise t-tests with Benjamini-Hochberg correction for multiple comparisons (Figure 1 and
supplementary Table E2). By applying this supervised approach, the youngest children, aged 0 — 4 years,
were characterized by the highest levels of innate, mostly Th1-skewing markers (IL-18, MCP1/CCL2, TNF
receptor 2), epithelial proliferation and differentiation (epidermal growth factor [EGF]), B-cell homing
(BLC/CXCL13), adhesion molecules (P-selectin, sICAM), the adipokine adiponectin, and the
proinflammatory cytokine macrophage migration inhibitory factor (MIF). Children aged 0 — 4 years were
also characterized by the lowest levels of the Th17-related marker trappin2/elafin. Children aged 5 — 11

years were distinguished from the other age groups by the highest levels of the TNF superfamily members
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TWEAK/TNFSF12 and TACI/TNFRSF13B. The oldest children (12 — 17 years old) were characterized by
the highest serum levels of markers related to tissue remodeling (MMP-1, MMP-3, MMP-9), and the lowest
levels of the adhesion molecule sSICAM and the multifunctional glycoprotein osteopontin (OPN). Th2-
related (IL-5, IL-13, TARC/CCL17, MDC/CCL22, MCP-4/CCL13) and Th22-related (IL-22) markers
were higher expressed in children aged 0 — 4 years compared to the other age groups, however, not

statistically significant.

Correlation of biomarkers with disease severity

We next investigated which serum biomarkers were associated with AD disease severity by determining
correlation of each measured serum biomarker with EASI scores in all 240 pediatric patients (Figure 2).
Significant positive correlations between disease severity were found for PARC/CCL18 (r=0.63), apelin
(r=0.53), IL-1R2 (r=0.49), TARC/CCL17 (r=0.48), MMP-1 (r=0.48), CTACK (r=0.41), elastase
(r=0.40), 1309 (r=0.40), MDC (r=0.38), sVCAM (r=0.36), E-selectin (r=0.36), IL-22 (r=0.31), and
S100A8 (r=0.31). EASI score was significantly negatively correlated with RBP4 (r=-0.68), CatS (r=-
0.66), ACE (r=-0.48), IL-25 (r=-0.36), IL-26 (r=-0.36), NAP2 (r=-0.35), and MMP-8 (r=-0.30). Overall,
correlation coefficients from these markers with disease severity were comparable between the three age

groups and the total cohort (Supplementary Table E3).

Characterization of pediatric AD clusters

In the next step, unsupervised analyses were performed on the Box-Cox transformed serum biomarker
data of all 240 pediatric AD patients to identify distinct patient clusters based on serum biomarker
profiles. After PCA, the cumulative percentage of variance showed that the first 50 principal components
described at least 90% of the dataset’s variance (Supplemental Figure E2A), and were, hence, included in
the unsupervised k-means cluster analysis (top 20 markers for the first three PC’s in Supplemental Table

E4). By applying the elbow method on the k-means clustering, four clusters were indicated as the
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appropriate number of clusters (Supplemental Figure E2B and Figure 3A). Clinical characteristics were
compared between the four clusters (Table 3). Pediatric AD patient clusters seem not to be influenced by
age, as age did not significantly differ between the four clusters (Table 3, p=0.11, one-way ANOVA), and
patients from the three age groups were equally divided over the four clusters (Figure 3B, p=0.074, chi-

square test).

Averages of serum biomarker levels were calculated per cluster, and compared using a one-way ANOVA,
followed by pairwise t-tests with Benjamini-Hochberg correction for multiple comparisons, to
characterize the biomarker profiles driving the four clusters (Figure 4; supplementary Table E5). Cluster 1
was the largest cluster, representing 41% of the pediatric AD population. Cluster 1 patients had a mean
age of 8.7 years (SD=5.7 years) and had the lowest mean EASI score (mean 9.2 years, SD=5.4). This
cluster was distinct from the other three by having the highest levels of the acute phase protein retinol
binding protein 4 (RBP4). Besides, the Th2 cytokines IL-4, IL-5, IL-13, and TSLP, the Th17-related
cytokines IL-23 and 1L-26 were higher in cluster 1 compared to cluster 2 and 4, but lower compared to

cluster 3. Cluster 1 could be defined as the “Th2/retinol dominant” cluster.

Cluster 2 represented 31% of the patients and had a mean age of 8.8 years (SD=5.3 years). Patients in this
cluster had a significantly more severe AD compared to the other clusters (p<0.001), with a mean EASI
score of 27.8 (SD=7.5). This cluster also had the highest incidence of food allergy (53.4%). Its biomarker
profile was characterized by the highest levels of apelin, and markers related to skin-homing
(PARC/CCL18, TARC/CCL17, and CTACK/CCL27), and the lowest levels of markers related to tissue
remodeling and angiogenesis (adiponectin, MMP-8, TIMP1). All of these markers were also strongly

correlated with EASI score. Cluster 2 was defined as the “skin homing dominant” cluster.

Cluster 3 represented 18% of the patients, had a mean age of 6.9 years (SD=5.4 years) and mean EASI
score of 10.5 (SD=9.1). Cluster 3 was uniquely defined by having the highest levels of biomarkers related

to the Th1 pathway (IL-2, IL-12, IFNa, IFNy, TNFa, TNFB, MIG/CXCL9, ITAC/CXCL11), the Th2

10
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pathway (IL-4, IL-5, IL-13, eotaxin-3/CCL26, TSLP, MCP-4/CCL13), the Th17 pathway (IL-23, IL-26,
MIP3a/CCL20, GM-CSF), the IL-1 family pathway (IL-1a, IL-1Ra, IL-1R1, IL-18BPa, I1L-37), the TNF
superfamily pathway (TNFR1, TNFR2, TWEAK/TNFSF12, LIGHT/TNFSF14), and T-cell activation

(sIL2Ra). Cluster 3 could be described as the “Th1/Th2/Th17/IL-1 dominant” cluster.

Cluster 4 represented 10% of the patients, mean age in this cluster was 6.6 years (SD= 4.9 years) and
mean EASI score 12.3 (SD=9.1). Patients from this cluster had the lowest incidence of food allergy
(24.0%). Regarding the serum biomarker profile, cluster 4 was distinct from the other three clusters by
having the highest levels of the chemokines RANTES/CCLS5 and PF4/CXCL4, and the monocyte
activation marker soluble CD14. Besides, cluster 4 showed the lowest levels of biomarkers related to the
Thl pathway (MIG/CXCLY, ITAC/CXCL11, and MIP1b/CCL2), eosinophil trafficking (eotaxin-
1/CCL11 and eotaxin-3/CCL26), the IL-1 family pathway (IL1R1, IL-18BPa), the TNF superfamily
pathway (TNFR1, TNFR2, TWEAK/TNFSF12), neutrophil activation and trafficking (elastase, GCP2),
and T-cell activation and skin-homing (sIL2Ra, CTACK). This cluster was defined as the “Th1/IL-

1/eosinophil inferior” cluster.

In summary, we could identify four distinct pediatric AD patient clusters. Two of the four clusters showed
skewing towards the Th2 pathway (cluster 1 and 3), of which cluster 3 was further characterized by a
strong immune activation state, related to both innate as well as T-cell immunity. Cluster 2 was clinically
defined by the highest EASI score and was characterized by a biomarker profile skewed towards skin-
homing-related markers. Besides elevation of few innate immunity-related markers, cluster 4 was overall

distinguished by a relatively low inflammatory state.

DISCUSSION
This is the first study to broadly characterize serum biomarker profiles in a large cohort of pediatric AD

patients aged 0 - 17 years. We confirmed heterogeneity at the level of serum biomarkers in pediatric AD

11
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patients and identified four patient clusters based on their unique systemic immune profiles, by using an
unsupervised clustering approach. Our results suggest unique endotypes in pediatric AD patients, possibly
arguing for personalized, endotype-driven therapeutic approaches, rather than the currently used “one-

size-fits-all” concept.

Blood biomarker profiles of early-onset pediatric AD have previously been characterized by an
upregulation of Th2, Th17 and tissue remodeling markers, and lacked the Th1 upregulation that is seen in
adult AD.1% 11 13.25 |n contrast to these findings, our pediatric AD patients aged 0 — 4 years, corresponding
in age to the previously studied early pediatric AD cohorts!®* 26 was characterized by higher expression
of innate activation markers, mostly related to Thl, and decreased levels of the Th17 marker trappin/elafin,
compared to the older children. The prior studies characterized blood profiles of pediatric AD patients
within 6 months after disease onset compared to age-matched healthy controls, which might explain the
different findings. Thl-related markers have been identified as marker for disease chronicity and immune
development, but in the view of our findings, they might also represent other immune-related mechanisms
distinguishing infant and toddler AD from older children and adolescents.?” The innate activation markers
significantly upregulated in the youngest group (IL-18, MCP-1/CCL2, and TNFR2) have been proven to
contribute to both Thl and Th2 cytokine-mediated inflammation. Besides, IL-18 and MCP-1/CCL2 are
associated with severity of pediatric AD.?%32 Pediatric AD is supposed to be an even more Th2-dominant
disease than adult AD. Although not significant, other Th2-related markers including IL-5, IL-13,
TARC/CCL17, MDC, and MCP-4 were higher expressed in the youngest children, compared to the 5 — 17
years old children. As AD is a primarily Th2-driven disease, it could be that Th2 cytokines are upregulated
in all pediatric AD patients, and therefore not different within the three age groups. Serum samples from

age-matched healthy controls are needed to further investigate this.

The previously described positive correlations of pediatric AD severity with TARC/CCL17, PARC/CCL18,
CTACK/CCL27, MDC/CCL22, E-selectin, and the I1L-1 decoy receptor IL-1R2 were also present in our

study.1% 333 MMP-1, an inflammatory marker related to tissue remodeling, and previously described to be

12
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negatively associated with skin scores in early-onset AD patients (mean age 1.8, SD= 1.6 years)*?, showed
positive correlation with EASI in our cohort. In a previous study by Thijs et al.*® MMP-1 also showed a
significant positive correlation with disease severity in adult AD. The difference in the direction of the
correlation of MMP-1 with disease severity may therefore reflect age and chronicity of the disease. Retinol
binding protein (RBP)4 showed a strong negative correlation with EASI scores in our cohort. Both lower
retinol levels and RBP4 expression have been detected in skin samples of adult AD, and a negative
association of serum retinol with AD severity was reported in children.3” ¥ Retinol has important
immunomodulatory effects, and decreased levels of RBP and vitamin A are associated with infection and
inflammation.®*-! These data might support the negative correlation with EASI in our pediatric cohort as
an effect of excessive skin inflammation. In our large pediatric AD cohort, EASI was scored by several
different physicians. The subsequent higher inter-rater variability might have resulted in relatively lower

correlation coefficients in our study.

In contrast to previous studies investigating blood and skin biomarkers in pediatric AD***3, we included a
large cohort of AD children across a wide range of ages and disease duration and used a quantitative method
to measure a broad panel of serum biomarkers. By using an unsupervised clustering approach, we could
identify four pediatric AD patient clusters, characterized by specific serum biomarkers that were
significantly differentially expressed compared to the other clusters. Patients stratified in cluster 1 had the
lowest disease severity and were characterized by the highest levels of RBP4, which showed the strongest
negative correlation with EASI. Additionally, cluster 1 showed higher levels of IL-4, IL-5, IL-13 and TSLP,
and could be defined as the “Th2/retinol dominant” cluster. Patients in cluster 1 and 3, representing 59% of
the patients, shared a Th2-cytokine high profile, corresponding to the percentage of Th2-dominant patients
as previously reported in adults.** 1*> These patients would hypothetically be the most ideal candidates for

Th2 targeting drugs.

In contrast to the other three clusters, cluster 4 showed a relatively low inflammatory state, with no clear

immune skewing, and could be distinguished from the other clusters as being the “Th1/IL-1/eosinophil

13
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inferior” cluster. Cluster 4 was defined by elevation of the monocyte activation markers RANTES/CCLS5,
PF4/CXCL4, and sCD14. Elevated platelet activation, as shown by higher levels of PF4/CXCL4, has been
suggested to play a role in the pathomechanism of chronic skin inflammation in AD, by inducing leukocyte
recruitment and through direct activation of local capillary endothelial cells and attraction of effector T-
cells to the skin.*? Both RANTES/CCLS5, a potent eosinophil, monocyte, basophil and lymphocyte chemo-
attractant, and the monocyte activation marker sCD14 have shown evidence of association with AD as

well. 4345

By focusing on the driving pathways per patient cluster, only one out of the four pediatric AD clusters was
comparable to one of the previously defined endotypes in adult AD patients.* 1> The biomarker profile of
pediatric “Th1/Th2/Th17/IL-1 dominant” cluster 2 corresponds to the profile of the “Th1/Th2/Th17
dominant” cluster identified in adult AD patients. These results strengthen the previous findings that blood
profiles in pediatric AD differ from adult AD patients. However, the identified biomarker-based pediatric
patient clusters in the current study were not influenced by age or age of onset. Furthermore, the absolute
differences in biomarker levels between the four unsupervised identified clusters were more pronounced
than the differences that were found by using a supervised approach to compare the three age groups..
Although three of the pediatric patient clusters differ from the previously identified adult AD clusters, our
results might indicate that the distinct pathophysiologic mechanisms driving the heterogeneity of pediatric
AD cannot be solely assigned to the difference in age or duration of the disease, and argue for endotype-

specific, rather than uniform or age-specific therapeutic strategies.

One of the most important questions regarding disease heterogeneity in pediatric AD is in which patient the
disease will resolve and in whom it will persist into adulthood. One could speculate that patients with
resolving childhood AD and persisting disease may represent separate endotypes. Early identification and
targeted treatment of the non-resolving endotype might theoretically prevent the atopic march and
persistence of AD into adulthood. Previous birth cohort studies have shown that one of the strongest risk

factor for non-resolving AD is disease severity, and that the presence of asthma and allergic rhinitis did not
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affect the course of AD.*6® In contrast to the previous studies in adults'* *°, our current study showed that
cluster membership of pediatric AD patients was influenced by disease severity. Patients in cluster 3 had
significantly higher EASI scores compared to the other three clusters. Their driving biomarker profile was
characterized by the highest levels of the Th2 cytokine PARC/CCL18 and apelin, and the lowest levels of
RBP4, MMP-8, and ACE, all biomarkers that were significantly correlated with EASI scores. Patients in
cluster 3 represented 31% of the total cohort, which is consistent with data from large birth cohorts showing
that up to one third of the children diagnosed with AD had persistent disease.*¢*® On the other hand, patients
in cluster 2 showed a comparable biomarker profile to the adult AD patients previously stratified into the
“Th1/Th2/Th17 dominant” cluster®®, and might thus be considered to have a higher risk for non-resolving
AD. Longitudinal follow-up studies are needed to confirm the endotype of each cluster, and to investigate
whether the persistence of AD is related to one of the four endotypes and whether endotypes are stable over
time or might change after treatment with systemic immunosuppressive of immunomodulatory drugs.
Comparing the profile of cleared versus persistent pediatric AD, will better define biomarker-specific

characteristics that predict AD clearance.

Despite inclusion of different age groups, this study was not longitudinal and thus did not follow the same
cohort over time. Another limitation is the lack of age- and sex-matched healthy controls, which makes it
difficult to distinguish disease-specific from age- and sex-specific differences in biomarker profiles, for
instance during puberty, although the patient clusters were not influenced by age. The biomarker panel that
was measured in this study was based on our previous studies including adult AD patients'* 4%, and was not
specifically selected for pediatric AD. The panel was composed of all markers available in our laboratory
at the moment of measurement. We believe that the broad panel, including many different pathways
(Tha/Th2/Th17/Th22, IL-1 family, cell differentiation, skin-homing, innate- and adapted immunity, for

example) covers potential adult and pediatric specific markers.

By using an unsupervised profiling approach, the findings of this study indicate that pediatric AD is a

biologically heterogeneous disease. We could identify four distinct patient clusters based on serum
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biomarker profiles in a large cohort of pediatric AD patients aged 0-17 years. Cluster membership was not

influenced by age or age of onset, but disease severity seems to be associated with patient clustering. The

identification of endotypes driven by distinct underlying immunopathological pathways might be useful to

define pediatric AD patients at risk of persistent disease and may necessitate different targeted treatment

approaches. Future longitudinal studies will be needed to further validate the endotypes and may provide

additional insights into the stability of endotypes in pediatric AD patients over time.

REFERENCES

1. McKenzie C, Silverberg JI. The prevalence and persistence of atopic dermatitis in urban United
States children. Ann Allergy Asthma Immunol. 2019.

2. Weidinger S, Novak N. Atopic dermatitis. Lancet. 2016;387(10023):1109-22.

3. Flohr C, Mann J. New insights into the epidemiology of childhood atopic dermatitis. Allergy.
2014;69(1):3-16.

4. Margolis JS, Abuabara K, Bilker W, Hoffstad O, Margolis DJ. Persistence of mild to moderate
atopic dermatitis. JAMA Dermatol. 2014;150(6):593-600.

5. Folster-Holst R. Management of atopic dermatitis: are there differences between children and
adults? J Eur Acad Dermatol Venereol. 2014;28 Suppl 3:5-8.

6. Akdis CA, Akdis M, Bieber T, Bindslev-Jensen C, Boguniewicz M, Eigenmann P, et al. Diagnosis

and treatment of atopic dermatitis in children and adults: European Academy of Allergology and

16



352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24,

Clinical Immunology/American Academy of Allergy, Asthma and Immunology/PRACTALL
Consensus Report. Allergy. 2006;61(8):969-87.

Lyons JJ, Milner JD, Stone KD. Atopic dermatitis in children: clinical features, pathophysiology,
and treatment. Immunol Allergy Clin North Am. 2015;35(1):161-83.

Hill DA, Spergel JM. The atopic march: Critical evidence and clinical relevance. Ann Allergy
Asthma Immunol. 2018;120(2):131-7.

Hill DA, Grundmeier RW, Ram G, Spergel JM. The epidemiologic characteristics of healthcare
provider-diagnosed eczema, asthma, allergic rhinitis, and food allergy in children: a retrospective
cohort study. BMC Pediatr. 2016;16:133.

Brunner PM, He H, Pavel AB, Czarnowicki T, Lefferdink R, Erickson T, et al. The blood
proteomic signature of early-onset pediatric atopic dermatitis shows systemic inflammation and is
distinct from adult long-standing disease. J Am Acad Dermatol. 2019;81(2):510-9.

Brunner PM, Israel A, Leonard A, Pavel AB, Kim HJ, Zhang N, et al. Distinct transcriptomic
profiles of early-onset atopic dermatitis in blood and skin of pediatric patients. Ann Allergy
Asthma Immunol. 2019;122(3):318-30 e3.

Brunner PM, Israel A, Zhang N, Leonard A, Wen HC, Huynh T, et al. Early-onset pediatric atopic
dermatitis is characterized by TH2/TH17/TH22-centered inflammation and lipid alterations. J
Allergy Clin Immunol. 2018;141(6):2094-106.

Esaki H, Brunner PM, Renert-Yuval Y, Czarnowicki T, Huynh T, Tran G, et al. Early-onset
pediatric atopic dermatitis is TH2 but also TH17 polarized in skin. J Allergy Clin Immunol.
2016;138(6):1639-51.

Thijs JL, Strickland I, Bruijnzeel-Koomen C, Nierkens S, Giovannone B, Csomor E, et al. Moving
toward endotypes in atopic dermatitis: Identification of patient clusters based on serum biomarker
analysis. J Allergy Clin Immunol. 2017;140(3):730-7.

Bakker DS, Nierkens S, Knol EF, Giovannone B, Delemarre EM, van der Schaft J, et al.
Confirmation of multiple endotypes in atopic dermatitis based on serum biomarkers. J Allergy Clin
Immunol. 2020.

Siegfried EC, Igelman S, Jaworski JC, Antaya RJ, Cordoro KM, Eichenfield LF, et al. Use of
dupilumab in pediatric atopic dermatitis: Access, dosing, and implications for managing severe
atopic dermatitis. Pediatr Dermatol. 2019;36(1):172-6.

Wollenberg A, Howell MD, Guttman-Yassky E, Silverberg JI, Birrell C, Kell C, et al. A phase 2b
dose-ranging efficacy and safety study of tralokinumab in adult patients with moderate to severe
atopic dermatitis (AD). Journal of the American Academy of Dermatology. 2017;76(6):Ab20-Ab.
Brunner PM, Pavel AB, Khattri S, Leonard A, Malik K, Rose S, et al. Baseline IL-22 expression in
patients with atopic dermatitis stratifies tissue responses to fezakinumab. J Allergy Clin Immun.
2019;143(1):142-54.

Wang HH, Li YC, Huang YC. Efficacy of omalizumab in patients with atopic dermatitis: A
systematic review and meta-analysis. J Allergy Clin Immunol. 2016;138(6):1719-22 el.

Bieber T, D'Erme AM, Akdis CA, Traidl-Hoffmann C, Lauener R, Schappi G, et al. Clinical
phenotypes and endophenotypes of atopic dermatitis: Where are we, and where should we go? J
Allergy Clin Immunol. 2017;139(4S):S58-S64.

Hanifin JM, Rajka G. Diagnostic Features of Atopic-Dermatitis. Acta Dermato-Venereologica.
1980:44-7.

de Jager W, Prakken BJ, Bijlsma JW, Kuis W, Rijkers GT. Improved multiplex immunoassay
performance in human plasma and synovial fluid following removal of interfering heterophilic
antibodies. J Immunol Methods. 2005;300(1-2):124-35.

Thorndike RL. Who Belongs in the Family? Psychometrika. 1953;18(4):267-76.
RCoreTeam(2018). R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria.

17



401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Czarnowicki T, He H, Canter T, Han J, Lefferdink R, Erickson T, et al. Evolution of pathologic T-
cell subsets in patients with atopic dermatitis from infancy to adulthood. J Allergy Clin Immunol.
2020;145(1):215-28.

Czarnowicki T, Esaki H, Gonzalez J, Malajian D, Shemer A, Noda S, et al. Early pediatric atopic
dermatitis shows only a cutaneous lymphocyte antigen (CLA)(+) TH2/TH1 cell imbalance,
whereas adults acquire CLA(+) TH22/TC22 cell subsets. J Allergy Clin Immunol.
2015;136(4):941-51 e3.

Guttman-Yassky E, Krueger JG, Lebwohl MG. Systemic immune mechanisms in atopic dermatitis
and psoriasis with implications for treatment. Exp Dermatol. 2018;27(4):409-17.

Nakanishi K, Yoshimoto T, Tsutsui H, Okamura H. Interleukin-18 is a unique cytokine that
stimulates both Thl and Th2 responses depending on its cytokine milieu. Cytokine Growth F R.
2001;12(1):53-72.

Sohn MH, Lee KE, Kim KE. Interleukin-18 is associated with increased severity of atopic
dermatitis in children. Allergy Asthma Proc. 2004;25(3):181-4.

Chensue SW, Warmington KS, Ruth JH, Sanghi PS, Lincoln P, Kunkel SL. Role of monocyte
chemoattractant protein-1 (MCP-1) in Thl (mycobacterial) and Th2 (schistosomal) antigen-induced
granuloma formation: relationship to local inflammation, Th cell expression, and IL-12 production.
J Immunol. 1996;157(10):4602-8.

Hulshof L, Hack DP, Hasnoe QCJ, Dontje B, Jakasa I, Riethmuller C, et al. A minimally invasive
tool to study immune response and skin barrier in children with atopic dermatitis. Br J Dermatol.
2019;180(3):621-30.

Li XM, Chen X, Gu W, Guo YJ, Cheng Y, Peng J, et al. Impaired TNF/TNFR2 signaling enhances
Th2 and Th17 polarization and aggravates allergic airway inflammation. Am J Physiol Lung Cell
Mol Physiol. 2017;313(3):L592-L601.

Song TW, Sohn MH, Kim ES, Kim KW, Kim KE. Increased serum thymus and activation-
regulated chemokine and cutaneous T cell-attracting chemokine levels in children with atopic
dermatitis. Clin Exp Allergy. 2006;36(3):346-51.

Nakazato J, Kishida M, Kuroiwa R, Fujiwara J, Shimoda M, Shinomiya N. Serum levels of Th2
chemokines, CCL17, CCL22, and CCL27, were the important markers of severity in infantile
atopic dermatitis. Pediatr Allergy Immunol. 2008;19(7):605-13.

Hon KL, Ching GK, Ng PC, Leung TF. Exploring CCL18, eczema severity and atopy. Pediatr
Allergy Immunol. 2011;22(7):704-7.

Thijs JL, Drylewicz J, Fiechter R, Strickland I, Sleeman MA, Herath A, et al. EASI p-EASI:
Utilizing a combination of serum biomarkers offers an objective measurement tool for disease
severity in atopic dermatitis patients. J Allergy Clin Immunol. 2017;140(6):1703-5.

Mihaly J, Gamlieli A, Worm M, Ruhl R. Decreased retinoid concentration and retinoid signalling
pathways in human atopic dermatitis. Exp Dermatol. 2011;20(4):326-30.

Daniluk U, Filimoniuk A, Kowalczuk-Kryston M, Alifier M, Karpinska J, Kaczmarski MG, et al.
Association of antioxidants and vitamin D level with inflammation in children with atopic
dermatitis. Int J Dermatol. 2019;58(9):1056-61.

Mitra AK, Alvarez JO, Stephensen CB. Increased urinary retinol loss in children with severe
infections. Lancet. 1998;351(9108):1033-4.

Paracha PI, Jamil A, Northrop-Clewes CA, Thurnham DI. Interpretation of vitamin A status in
apparently healthy Pakistani children by using markers of subclinical infection. Am J Clin Nutr.
2000;72(5):1164-9.

Li M, Messaddeq N, Teletin M, Pasquali JL, Metzger D, Chambon P. Retinoid X receptor ablation
in adult mouse keratinocytes generates an atopic dermatitis triggered by thymic stromal
lymphopoietin. Proc Natl Acad Sci U S A. 2005;102(41):14795-800.

Tamagawa-Mineoka R, Katoh N, Ueda E, Masuda K, Kishimoto S. Elevated platelet activation in
patients with atopic dermatitis and psoriasis: increased plasma levels of beta-thromboglobulin and
platelet factor 4. Allergol Int. 2008;57(4):391-6.

18



452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468

43.  Morita E, Kameyoshi Y, Hiragun T, Mihara S, Yamamoto S. The C-C chemokines, RANTES and
eotaxin, in atopic dermatitis. Allergy. 2001;56(2):194-5.

44. Park CW, Lee BH, Han HJ, Lee CH, Ahn HK. Tacrolimus decreases the expression of eotaxin,
CCR3, RANTES and interleukin-5 in atopic dermatitis. Br J Dermatol. 2005;152(6):1173-81.

45.  Wouthrich B, Kagi MK, Joller-Jemelka H. Soluble CD14 but not interleukin-6 is a new marker for
clinical activity in atopic dermatitis. Arch Dermatol Res. 1992;284(6):339-42.

46. 1lli S, von Mutius E, Lau S, Nickel R, Gruber C, Niggemann B, et al. The natural course of atopic
dermatitis from birth to age 7 years and the association with asthma. J Allergy Clin Immunol.
2004;113(5):925-31.

47.  Thorsteinsdottir S, Stokholm J, Thyssen JP, Norgaard S, Thorsen J, Chawes BL, et al. Genetic,
Clinical, and Environmental Factors Associated With Persistent Atopic Dermatitis in Childhood.
JAMA Dermatol. 2019;155(1):50-7.

48. Hua TC, Hwang CY, Chen YJ, Chu SY, Chen CC, Lee DD, et al. The natural course of early-onset
atopic dermatitis in Taiwan: a population-based cohort study. Br J Dermatol. 2014;170(1):130-5.

49, Bakker DS, Nierkens S, Knol EF, Giovannone B, Delemarre EM, van der Schaft J, et al.
Confirmation of multiple endotypes in atopic dermatitis based on serum biomarkers. J Allergy Clin
Immunol. 2021;147(1):189-98.

TABLES

Table 1. Clinical characteristics of the total cohort of pediatric AD patients
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Clinical characteristics

Total group (n=240)

Age (years)t, mean (SD)

Male, n (%0)
Female, n (%0)

EASI score, mean (SD)

Atopic comorbidities, n (%0)
- allergic asthma

- allergic rhinitis

- food allergy

no atopic comorbidities

Age of onset, n (%)
- 0-1years

- 2-11years

- 1217 years

- missing

8.2 (5.5)

100 (41.7)
140 (58.3)

14.6 (10.7)

84 (35.0)
108 (45.0)
87 (36.3)
77 (32.1)

180 (75.0)
48 (20.0)
2 (0.8)

10 (4.2)

Categorical variables are presented as coun
and percentages; continuous variables are
presented as mean with Standard Deviation

(SD). EASI Eczema Area Severity Intensity; T age at moment of sample collection.

ts
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Table 2. Clinical comparison of the three pediatric AD age groups

Clinical characteristics 0 —4 years 5-11years 12 — 17 years p-value
(n=77) (n=84) (n=79)
Age (years)t, mean (SD) 2.0(1.49) 7.6 (1.9) 14.9 (1.7) <0.001
Male, n (%) 43 (55.8) 26 (31.0) 31(39.2) 0.005
Female, n (%) 34 (44.2) 58 (69.0) 48 (60.8)
EASI score, mean (SD) 13.3(10.1) 14.3 (11.3) 16.2 (10.5) 0.271
Atopic comorbidities, n
(%)
Allergic asthma 15 (19.5) 30 (35.7) 39 (49.4) 0.001
Allergic rhinitis 15 (19.5) 40 (47.6) 53 (67.1) <0.001
Food allergy 21 (27.3) 29 (34.5) 37 (46.8) 0.050
No atopic comorbidities 37 (48.1) 27 (32.1) 13 (16.5) <0.001
Age of onset, n (%) 0.084
0 -1 years 63 (81.8) 64 (76.2) 53 (67.1)
211 years 11 (14.3) 16 (19.0) 21 (26.6)
12 - 17 years NA NA 2 (2.5)
missing 3(3.9) 4 (4.8) 3(3.8)

Categorical variables are presented as counts and percentages; continuous variables are presented as mean with

Standard Deviation (SD). Clinical characteristics between the age groups were compared using a one-way ANOVA

or chi-square test when appropriate. P values <0.05 were considered statistically significant. EASI Eczema Area
Severity Intensity; T age at moment of sample collection, distribution of ages among age groups are presented in

Supplemental Figure E1.
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Table 3. Clinical comparison of four serum biomarker-based pediatric AD patient clusters

Clinical characteristics Cluster 1 Cluster 2 Cluster 3 Cluster 4 p-value
(n=98) (n=73) (n=43) (n=25)
Age (years)’, mean (SD) 8.7 (5.7) 8.8(5.3) 6.9 (5.4) 6.6 (4.9) 0.109
min —max 0-17 0-17 0-17 0-17
Male, n (%) 52 (53.1) 23 (31.5) 20 (46.5) 5 (20.0) 0.004
Female, n (%0) 46 (46.9) 50 (68.5)  23(53.5) 20 (40.0)
EASI score, mean (SD) 9.2 (5.4) 278 (75) 105(9.1) 12.3(9.1) <0.001
Atopic comorbidities, n
(%)
Allergic asthma 39 (39.8) 27 (37.0) 12(27.9) 6 (24.0) 0.272
Allergic rhinitis 43 (43.9) 38(52.0) 16(37.2) 11 (44.0) 0.755
Food allergy 29 (29.6) 39(534) 13(30.2) 6 (24.0) 0.017
No atopic comorbidities 33 (33.7) 17 (23.3) 16 (37.2) 10 (40.0) 0.267
Age of onset, n (%) 0.384
0-1yrs 77 (78.6) 55 (75.3) 26 (60.5) 21 (84.0)
2-11yrs 17 (17.3) 15(20.5) 13(30.2) 3(12.0)
12 - 17 yrs 2 (2.0) 0 (0) 0 (0) 0 (0)
missing 2 (2.0) 3(4.1) 4 (9.3) 1(4.0)

Categorical variables are presented as counts and percentages; continuous variables are presented as mean with
Standard Deviation (SD). Clinical characteristics between the patient clusters were compared using a one-way

ANOVA or chi-square test when appropriate. P values <0.05 were considered statistically significant. EASI Eczema

Area Severity Intensity; T age at moment of sample collection.
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FIGURE LEGENDS

Figure 1. Biomarker profiles in AD children divided in three different age groups. Averages of Box-
Cox transformed serum biomarker levels were compared between AD children aged 0 — 4 years, 5 - 11
years, and 12 — 17 years at the moment of sampling. Radar plot shows biomarker profiles per age group
for selected markers based on significance and AD-related pathways. Spoke lengths represent means of
Box-Cox transformed data per variable. Significance levels for one-way ANOVA results are presented
with asterisks. P-values lower than 0.05 were considered statistically significant Significance levels
correspond to the following P-values: *P < 0.05, **P < 0.01, and ***P < 0.001.

Figure 2. Correlation of disease severity with serum biomarkers in pediatric AD patients. Heatmap
of Pearson correlations between serum biomarkers and AD disease severity measured by Eczema Area
and Severity Index (EASI). Heatmap includes only serum biomarkers that significantly correlate with
EASI score and have Pearson correlation coefficients >0.30 or <-0.30. Red denotes positive and blue
denotes negative correlations. Blue boxes mark correlations between serum biomarkers and EASI, ***

represents P-value <0.001.

Figure 3. Principal component and cluster analyses of pediatric AD patients. (A) Using unsupervised
k-means clustering of the first 50 PCs resulted in the identification of four pediatric AD patient clusters
(1, 2, 3, and 4). 239 patients are presented in a three-dimensional plot in terms of the first three PCs.
Colors and colored ellipses represent clusters. PC1 explained 23.3% of the variance, PC2 explained
11.7% of the variance and PC3 explained 8.6% of the variance. (B) Two-dimensional plots of 239
patients on the first three PCs. Colors and colored ellipses represent clusters. Symbols represent the three

age groups. Patients from all three age groups were equally divided over the four clusters.

Figure 4. Biomarker profiles of four distinct pediatric AD patient clusters. Averages of Box-Cox
transformed serum biomarker levels were compared between the four identified pediatric AD clusters
(cluster 1, 2, 3, and 4). Radar plot shows biomarker profiles per cluster for markers that were significantly
higher or lower expressed in one of the clusters compared to the other clusters. Spoke lengths represent

means of Box-Cox transformed data per variable.
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